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NOMENCLATURE

speed of sound (m/s) = [YRTSF]1/2
rotor area (m2)
mean coefficient (harmonic analysis)
cosine coefficient (harmonic analysis), n = number of harmonic
butt line (m)
sine coefficient (harmonic analysis), n = number of harmonic
chord (m)
center of gravity
drag coefficient = drag/qA
lateral force coefficient = lateral force/gA
lift coefficient = 1ift/qA
collective
n
moment coefficient = -1/2 .[ [(cos(8) + cos(26))dz/dx]de
]
normal force coefficient = normal force/qc
pressure coefficient = (P - Pgp)/q
pitch moment coefficient = pitch moment/gAR
power coefficient = power/Apvg
roll moment coefficient = roll moment/gAR
thrust coefficient = thrust/ApVi
yaw moment coefficient = yaw moment/qAR

Young's Modulus (N/m°)

lag damper displacement frequency (Hz)



FLT
FS
GJ

I.A.S.

xx’Iyy’Izz

Ixy’sz'Iyz

K1

K2

LAT
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0.G.E.

flight

fuselage station (m)

torsional stiffness (N*mz)

indicated air speed (m/s)
flap inertia (kg*mz)

lag inertia (kg*mz)

blade polar moments of inertia (kg*mz) = ff(Y‘2 + Z2)dm,

ff(zg _ Yz)dm, respectively

sectignal polar moments of inertia (kg*mz/m) = J:f(Y‘z + 2'2)dm,
(2'2 - Y'2)dm, respectively

Y<dm, dm, respectively

aircraft products of inertia (kg*mz) = J:[XYdm, J:[ZYdm, J:fYde,

respectively

airff f‘té pri}cigle moments of inertia (kg*mz) = ff)(zdm,
fz

lag damper stiffness (N/m)

lag damper damping (N/m)

lag damper displacement (m)

distance between lag hinge and lag damper line of action (m)
lateral blade cyclic pitch, positive roll to the right
longitudinal blade cyclic pitch, positive nose up

mass (kg)

blade sectional Mach number

blade sectional mass (kg/m)

main rotor

load factor

‘out-of-ground effect
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P pressure (mbar)

Potm atmospheric pressure (mbar)

Pground ground atmospheric pressure (mbar)

Py static flight pressure (mbar)

q dynamic pressure (N/m2) = 1/2 oV or 1/2 yPM°

r blade radial location (m)

R rotor radius (m)

Rg gas constant, 287.1 J/(kg* K)

ROT rotational

STAT static displacement of lag damper (m)

T temperature (°C)

T.A.S. true air speed (m/s)

Tatm atmospheric temperature (°C)

Tground ground atmospheric temperature (°C)

TR tail rotor

Tsp static flight temperature (°C)

v velocity (m/s)

vy indicated air speed (m/s)

Vp true air speed (m/s)

Ve blade tip speed (m/s)

WL waterline (m)

Xh 1 ¥Yb 1 2h blade reference axis system (origin at 1/4 chord, fig. 13)
X1 Y12y wind axis system (origin at aircraft c.g., fig. 3(c))
X,Y,2 fuselage reference axis system (origin at aircraft c.g., fig. 3(a))
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X,Y,Z fuselage reference axis system (origin at hub axis, fig. 3(b))

XpsYps2p blade principal inertia axes (origin at chordwise c.g., fig. 13)
YG chordwise blade c.g. location in Xp1¥p12p axis system (m)

YN Y-axis location in x,yp,2, axis system (neutral axis) (m)

ZN Z-axis location in Xh1Yp1Zp axis systeﬁ (m)

Greek Symbols

a angle of attack (deg)

ap fuselage angle of attack (deg)

oyT horizontal tail angle of attack (deg)

8 sideslip angle (deg)

Y specific heat ratio for air = 1.4

) lag angle (deg)

0 pitch angle (deg)

84 lateral cyclic pitch (deg)

8, longitudinal cyclic pitch (deg)

8, collective pitch, referenced to 0.75R (deg)

8t p tail rotor (pedal) collective pitch (deg)

u advance ratio = V/QR

p air density (kg/m3)

Po standard atmospheric density (kg/mz) = 1.225

o solidity = Rc/nR®

¢ angle between Y,,Z, axes and y,,2, axes (deg)

¥ azimuth angle, measured from tail boom toward advancing side of rotor
disk (deg)

Q rotor rotational speed (rad/sec)
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STRUCTURAL AND AERODYNAMIC LOADS AND PERFORMANCE
MEASUREMENTS OF AN SA349/2 HELICOPTER WITH AN
ADVANCED GEOMETRY ROTOR
Ruth M. Heffernan and Michel Gaubert¥

Ames Research Center

SUMMARY

An extensive flight-test program was conducted at Aerospatiale Division Heli-
copteres to obtain data from an upgraded Gazelle helicopter with an advanced geom-
etry, three-bladed rotor. Data have been acquired on upper and lower surface chord-
Wwise blade pressure, blade bending and torsion moments, and fuselage structural
loads. Results are presented from 16 individual flight conditions, including level
flights ranging from 10 to 77 m/sec at 50 to 3000 m altitude, turning flights up to
2.0 g, and autorotation. Rotor aerodynamic data include information from 51 pres-
sure transducers distributed chordwise at 75, 88, and 97% radial stations. Individ-
ual transducer pressure coefficients and airfoil section lift and pitching moment
coefficients are presented, as are steady-state flight condition parameters and
time-dependant rotor loads. All dynamic data are presented as harmonic analysis
coefficients (10 harmonics per rotor revolution). This report includes information
on data reliability and also documents the rotor and airframe characteristics
required for analysis by a comprehensive rotorcraft model. The documentation
includes airfoil aerodynamic characteristics, airfoil coordinates, blade structural
and inertial properties, fuselage aerodynamics and inertial characteristics, rotor
hub geometry, and control-system properties. Computer-formatted data files and
representative input files are included with this report for use with the CAMRAD
analysis code.

1. INTRODUCTION

Advances in rotorcraft development depend on reliable data sets to validate
theoretical analyses and models. While wind-tunnel data on model or full-scale
rotorcraft provide a good approximation to flight-test data, wind-tunnel data must
be adjusted for scale effects (when applicable), wall effects, and tares before
being compared with theory. Ideally, theoretical results should be compared with
flight test data since the ultimate goal of any analysis is to predict in-flight

*Departement Recherches, Aerospatiale Division Helicopteres, Marignane, France.



behavior. However, flight-test data are generally more expensive and more difficult
to obtain than are wind-tunnel data. In addition, determining such parameters as
aircraft angle of attack and true airspeed is often difficult during flight tests.
As a result, few comprehensive data sets documenting in-flight blade structural and
aerodynamic loads and performance exist (see for example ref. 1).

A need exists for additional documentation and performance measurements of
conventional (single main rotor) helicopters. To address this need, the French
aerospace company, Aerospatiale Division Helicopteres, conducted a series of heli-
copter flight tests. An upgraded Gazelle helicopter, the SA349/2, was modified to
collect detailed rotor blade aerodynamic and structural loads data. A single,
three-bladed, articulated, main rotor and Fenestron tail rotor characterize the
Gazelle family of helicopters. Main rotor instrumentation for this flight program
consisted of 51 blade pressure transducers (upper and lower surface), and 22 blade
strain gages measuring flap and lag bending, torsion moments, flap and lag angles,
and pitch link loads. Additional instrumentation measured forces on the main gear
box struts, and vibration of the pilot and co-pilot seats. An on-board data-
aquisition system processed all signals.

This report provides 16 individual sets of SA3U49/2 flight-test data acquired at
various conditions. Level flight conditions presented here range from 10 to
77 m/sec and 50 to 3000 m altitude. Also included are data collected during steady
turn maneuvers up to 2.0 g, and autorotation. The pressure data are given as aero-
dynamic coefficients (pressure, normal force, and moment). The first 10 harmonics
per rotor revolution of data (aerodynamic and structural) are presented here.

Selected data from this report were correlated with a comprehensive rotorcraft
code developed at NASA Ames Research Center (ref. 2). The code, a comprehensive
analytical model of rotorcraft aerodynamics and dynamics (CAMRAD), is described here
briefly. Blockdata files developed for the SA349/2 helicopter model and sample job
command files are presented in the format required to operate CAMRAD.

2. AIRCRAFT AND ROTOR DESCRIPTION
A. SA349/2 Aircraft
1) General

The flight tests were performed using an experimental, research-dedicated
SA349/2 helicopter, pictured in figure 1. The SA349/2 belongs to the Gazelle family
of helicopters, but differs somewhat from the Gazelle SA342 aircraft. Figure 2
highlights the main features of the upgraded Gazelle. In addition to these fea-
tures, the SA349/2 includes an on-board data acquisition system described in Section
3.B. Table 1 lists general aircraft information, including moments of inertia,
geometric angles, and center of gravity location of the helicopter. The aircraft
reference axis systems mentioned in table 1 are shown in figure 3.




For this flight program, the SA349/2 was outfitted with an Aerospatiale
advanced geometry rotor. This fully articulated rotor included the classical Non
Articule en Trainee (damped lag articulation) hub and three Grande Vitesse (high
speed) research blades (see Section 2.B). Table 2 details the advanced geometry
rotor characteristics. The Fenestron tail rotor, a shrouded 13-bladed rotor, has
only one control input (collective pitch control). Characteristics of the Fenestron
are given in table 3. Table 4 outlines the control system conversions for both the
advanced geometry rotor and the Fenestron. For the advanced geometry rotor, table 4
gives the relationship between blade pitch and stick displacement for collective and
cyclic pitch. For the Fenestron, table 4 gives the relationship between collective
blade pitch and pedal displacement.

2) Aircraft Aerodynamic Characteristics

The aerodynamic characteristics of a 1/7 scale SA349/2 aircraft model were
measured in the Aerospatiale Marignane Wind Tunnel in France. The ratio of wind-
tunnel cross sectional area to model frontal area was less than 0.1; therefore, wall
effects were minimal on the data. However, the aerodynamic data were corrected for
strut drag. Figure 3(c) shows the reference axis system and figure U4 shows the sign
conventions used to obtain the aerodynamic characteristics. The aerodynamic coeffi-
cients are presented graphically in figure 5 for the fuselage, in figure 6 for the
horizontal tail, and in figure 7 for the vertical tail. The fuselage coefficients
are given as functions of the pitch angle (lift, drag, and pitch moment) or the
sideslip angle (lateral force, roll moment, and yaw moment). The horizontal tail
coefficients are given as a function of the horizontal tail angle of attack, and the
vertical tail coefficients are given as a function of the sideslip angle. Table 5
lists the experimentally derived equations that produced the curves shown in fig-
ures 5, 6, and 7.

3) Fenestron Performance

Figure 8 provides the Fenestron power requirements as a function of the tail
rotor thrust. The power coefficient, Cp, is plotted as a function of the thrust
coefficient, Cg.

B. Advanced Geometry Rotor

The Non Articule en Trainee hub and three Grande Vitesse blades make up the
advanced geometry rotor. Table 2 lists the general hub and blade properties of the
rotor. The Non Articule en Trainee hub, standard for Gazelle helicopters, includes
nonlinear lag dampers. The Grande Vitesse blades, developed to improve the



understanding of rotor aerodynamics and dynamics, feature an adjustable chordwise
center of gravity, removable tips, and OA209 advanced airfoils (9% thickness).

1) Non Articule en Trainee Hub with Nonlinear Lag Dampers

Figure 9 shows the fully articulated Non Articule en Trainee hub. Lag dampers
for the hub have nonlinear stiffness and damping characteristics. A sketch of the
nonlinear lag damper is shown in figure 10. The lag hinge is located 0.475 m from
the axis of rotation. The lag damper, a silicon resin elastomer, provides damping
through compression (lag angle > 0) or elongation (lag angle < 0) of the material.
The lag angle reference line is shown in figure 10; lag of the blade toward the
trailing edge is defined as positive lag. The lag damper displacement, 1 (m), is
defined as compression or elongation of the lag damper along the lag damper dis-
placement axis. The displacement, positive when the lag damper is compressed, is
given by the following equation,

1 = [(0.1934%cos(36.4850 - §) + 0.0542)2 + (0.1934*sin(36.4850 - &)
- 0.1300)21Y2 _ 0.2102 (1)

where & is the lag angle in deg. The stiffness and damping characteristics of the
lag damper are plotted in figure 11 for three displacement frequencies (1/rev, 2/rev
and 3/rev). Stiffness and damping are plotted as a function of lag damper linear
displacement for four different static displacement values.

2) Grande Vitesse Blades
a) General Characteristics

The Grande Vitesse blade planform and twist distribution is shown in fig-
ure 12. The twist distribution varies 11.5° from the root (10.4% radius) to the
first airfoiled section at 23.7% radius, varies linearly along the main portion of
the blade, and remains constant from 92.5% radius to the tip. The blade section
center of gravity (c.g.) can be varied from 24.7% to 27% of the blade chord. How-
ever, all data presented in this report were obtained using a 24.7% chord c.g.
location. Table 6 presents the Grande Vitesse blade sectional characteristics
(geometric and inertial). The blade reference axes and sign conventions for a 24.7%
chord c.g. location are shown in figure 13.

b) Rotating Blade Modes

The rotating modal frequencies of the Grande Vitesse blades were calculated
using CAMRAD, a comprehensive rotorcraft code developed by NASA (see Sec. 6). The
modes were calculated for hover, neglecting aerodynamics, at collective blade pitch
(8,) = -0.2485°. The CAMRAD model of the blades included six bending modes and two
torsion modes. Figure 14 shows the modal frequencies as a function of rotor rpm.
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In addition, the rotating modal frequencies and damping ratios of the blades were
calculated for hover using IAKYO, a code developed by Aerospatiale that includes
aerodynamics. The aerodynamic model calculated induced velocities from combined
blade element and momentum theory. The model incorporated two-dimensional airfoil
aerodynamic characteristics in the solution procedure. Figures 15(a) and 15(b) show
the modal frequencies and damping ratios as functions of the rotational speed at

8, = -0.2485° collective pitch. Figure 15(c) shows the modal frequencies as a
function of the collective pitch at 386.7 rpm.

c) 0A209 Airfoil Aerodynamic Characteristics

The OA209 airfoil is presented in figure 16. Table 7 lists the airfoil coordi-
nates. The aerodynamic characteristics of the airfoil were measured in the French
S3-Modane Wind Tunnel. Two-dimensional data were obtained for the lift, drag and
moment characteristics of the airfoil. Section D of Appendix II lists the airfoil
characteristies in C81 format. The 1lift, drag and moment coefficients are given as
functions of angle of attack, a, and Mach number, M, where

-180° < a < 180°
and
0.0 <M< 1.0

The airfoil was tested over the range 0.3 < M < 0.88. Therefore, for M < 0.3, the
airfoil tables list the values at M = 0.3. Similarly, for M > 0.88, the airfoil
tables list the values at M = 0.88. The reference line from which a was measured
is shown in figure 16 as is the airfoil at an angle = -1°. The test Reynolds
number, a function of the Mach number, is given by

Re = (8%10E6)*M

3. FLIGHT TEST INSTRUMENTATION, DATA ACQUISITION AND DATA REDUCTION

A. Aircraft and Blade Instrumentation
1) Flight-Condition Parameters

The environmental conditions of the flight tests were fully documented. Flight
condition parameters recorded for each flight test included:

helicopter mass

altitude and velocity (indicated air speed - IAS)
arAnMmA NrnAcocTTmAa An A FAamnAanabkiina
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static flight temperature and pressure
collective pitch stick position



lateral and longitudinal cyclic pitch stick position
tail rotor pedal position

aircraft pitch, roll and yaw

aircraft pitch, roll and yaw speed

load factor

rotor rotational speed

engine power and fuel consumption.

All stick positions were translated into pitch angles using the relationships
given in table 4. The values obtained for collective pitch were referenced to
0.75 R.

2) Grande Vitesse Blade Instrumentation (rotating)

The Grande Vitesse blade instrumentation recorded during the flight tests
included 60 pressure transducers and 30 temperature thermocouples to measure aerody-
namic loads, and 24 strain gages to measure structural loads. The pressure taps
were KULITE absolute pressure transducers (type LQ-30-080-204). The pressure
instrumentation was distributed among two blades in three groups of 20. The three
groups of 20 transducers each were placed along the chord (upper and lower surface)
at 75, 88, and 97% radial stations. Figure 17 shows the pressure transducer
layout. Table 8 gives the location of all functioning pressure transducers (51 out
of 60). The pressure transducers were calibrated over a range of 500 mbar to atmo-
spheric (approximately 1013 mbar).

Three groups of 10 temperature thermocouples, co-located with 30 of the pres-
sure transducers, measured local air temperature during flight. The locations of
the functioning temperature thermocouples (24 out of 30) are also listed in
table 8. The thermocouples were calibrated over a range of -20 to 30°C. Each group
of pressure and temperature instrumentation, as specified in table 8, corresponds to
one blade radial station. The temperature signals were combined with the pressure
signals to compute static pressure (see section 3.C).

Figure 17 shows the layout of functioning strain gages that measured blade
structural loads (16 out of 18). Figure 18 shows the location of other rotating-
frame strain gages which measured pitch link loads (one gage on each blade) and
spindle loads (one gage on blade 2).

Additional instrumentation located on blade 2 measured the flap and lag
angles. The flap angle was measured using a strain gage attached to a small flexi-
ble arm; one end of the arm was fixed to the hub and the other end contacted the
blade outboard of the flap hinge. Blade flapping caused the arm to bend, and the
strain gage measured the bending. The strain gage was calibrated to the flapping
angle. The lag angle was obtained using a potentiometer, which measured the lag
damper displacement, as shown in figure 10. The lag angle was computed using the
relationship given in equation (1) between lag angle and lag damper displacement.

| -




Additional blade pressure and strain gage instrumentation existed, but the
limited capabilities of the data-acquisition system prevented recording all avail-
able instrumentation in one flight test. Two tests per flight condition were neces-
sary to obtain data from all existing blade instrumentation. However, only the
first instrumentation configuration provided data for this report. Therefore,
details concerning the additional blade instrumentation are not included.

3) SA349/2 Airframe Instrumentation (nonrotating)

Nonrotating airframe instrumentation included three strain gages on the primary
rotor-control system servos, and four on the main gear box struts. Accelerometers
measured pilot and copilot seat vertical acceleration. Figure 18 shows the location
of all nonrotating instrumentation.

B. On-board Data Acquisition

The data-acquisition system recorded flight parameters, chordwise pressure
measurements at 75, 88, and 97% radial stations, and spanwise strain gage measure-
ments at seven radial stations. Figure 19 diagrams the data-acquisition process
during a flight test. Flight parameters were digitized by an onboard modular acqui-
sition unit (UAM). The resulting pulse code modulation (PCM) messages were recorded
on magnetic tape.

Measurements of the aerodynamic blade loads, blade temperatures, and structural
blade loads were transferred from the rotating frame to the nonrotating frame
through a 124-channel slip-ring. Recording each group of pressure transducers
required 60 channels; therefore, the three groups of 20 transducers were recorded in
series. An electronic commutator, switching from one group of 20 chordwise pressure
transducers to the next, recorded one group at a time for a period of 8 rotor revo-
lutions. 1In all, 24 rotor revolutions represents one complete data-acquisition
cycle.

Ten slip-ring channels were allocated for temperature measurements. As a
result, the temperature signals were recorded in the same manner as the pressure
signals, according to the grouping shown in table 8. In addition to the pressure
and temperature channels, 24 other slip-ring channels transferred strain gage sig-
nals to the nonrotating frame. The rotating-frame pressure, temperature, and strain
gage signals, plus the nonrotating-frame strain gage signals, were then relayed to
seven frequency-domain multiplexors. The pressure signals were recorded on four
multiplexors, five signals per unit. Three other multiplexors recorded the strain
gage signals. All multiplexing was done according to the Inter Range
Instrumentation Group standard.



C. Data Reduction

Figure 20 presents a schematic of the data-reduction procedure. Pressure
signals were low-pass filtered at 150 HZ and digitized at a frequency of
180 samples/rotor revolution. The pressure signals were then organized as time
histories of six consecutive rotor revolutions (starting from 0° azimuth). The
signals were converted into physical units, transformed into aerodynamic coeffi-
cients, and then converted to harmonic analysis coefficients (10 per rotor revolu-
tion). This report does not provide any raw pressure data.

The pressure signals were converted into units of mbar using special data-
reduction software. Calibrating the signals to atmospheric and static-flight pres-
sures and temperatures yielded the actual physical pressures. The resulting pres-
sures were transformed into pressure coefficients, Cp, using the following equation;

Colr,¥) = [B(r,¥) - Pgpl/q @

where q, the dynamic pressure, is given by

1 V(r,v)
Q=3P —t (3)
V(r,¥), the velocity at the blade, is given by
V(r,¢) = r + Vi[1.225/p]*SIN(¢) 4
and a, the local speed of sound, is given by
172
a = [yRT ] (5)

Integrating the chordwise pressure data provided time histories of C, and C;. Cj,
is the component of the lift coefficient (CL) normal to the blade chord. For small
angles of attack, Cn = CL' Figure 21 shows the relationship between C_ and C;. C
is the moment coefficient of the blade. C, and C; are provided for 75, 88, and 97%
radial stations.

A harmonic analysis performed on the time histories of C , C , and C; data
yielded harmonic coefficients. The first 10 harmonics of each revolution are pre-
sented (see Appendix 1). Although the pressure data were acquired from blades 1
and 3, all data are referenced to the blade 1 azimuth position, starting at zero
degrees azimuth.

Many revolutions of strain gage data were recorded; however, only one revolu-
tion of strain gage signals was reduced. The strain gage signals were converted to
harmonic analysis coefficients, 10 per rotor revolution, which were then converted
into blade bending and torsion moments. Interaction coefficients for blade weight
contributions, and flap/lag/torsion interactions were measured during the blade




calibration phase prior to the flight test. As a result, the coupled interactions
were accounted for when converting the measurements to physical units; therefore,
pure measured moments were obtained. Although the strain gage data were acquired
from blades 1 and 3, all data are referenced to the blade 1 azimuth position, start-
ing at zero degrees azimuth.

4. FLIGHT CONDITIONS

The flight envelope included a wide variety of operating conditions. Condi-
tions ranged from hover to high-speed level flight, steady turning flight, and
autorotation. Altitudes ranged from 50 to 3,000 m.

From the extensive flight envelope, 16 flight points were chosen for presenta-
tion in this report and are listed in table 9. The chosen points provide ranges of
advance ratio from 0.05 to 0.36 and ranges of thrust/solidity ratio from 0.062 to
0.133 (fig. 22).

5. DATA PRESENTATION

A. Order and Content of Flight Test Data

Appendix 1 contains data from the selected 16 flight conditions. The 16 flight
points are ordered first by speed, next by altitude, and finally by load factor
(table 9).

All data are presented as harmonic coefficients, 10 harmonics per rotor revolu-
tion. The time history reconstruction formula is given in Section C. Although
presenting only the first 10 harmonics provides concise data, higher harmonic infor-
mation (such as acoustic data) is necessarily eliminated. For many applications,
the resolution of 10 harmonics (about 60 Hz) is adequate. However, for those appli-
cations requiring higher harmonic information, a magnetic tape containing a copy of
this report plus time histories of all raw pressure data (filtered at 150 Hz) is
available from the National Aeronautics and Space Administration, Ames Research
Center, Rotary Wing Aeromechanics Branch, Moffett Field, CA, 94035.

As presented in this report, each flight condition contains the following data,
in the order listed;

1. Flight Test Parameters

2. Aerodynamic Loads Data
a. C, data, 51 locations (radial and chordwise)
b. Ch data, 3 locations (radial)
c. Cp data, 3 locations (radial)



3. Structural Loads Data
a. Blade Loads
b. Airframe Loads.

B. Flight Test Parameters

For each of the 16 data sets, a list of parameters defining the conditions for
a flight test precede the tabulated data for that flight test. Page 15 of Appen-
dix 1 shows the flight test parameters for flight test 1. Six values are given for
each parameter, and each value represents an average of three consecutive rotor
revolutions. In all, the 6 values represent 18 consecutive rotor revolutions. The
flight parameters fall within one complete data acquisition cycle of 24 rotor
revolutions (as described in sec. 3.B). The reduced pressure data (6 revs per
radial station, 18 revs total) and strain gage data (1 rev per radial station) also
fall within the 24 revolution cycle. Figure 23 shows the synchronization of flight
parameters, pressure data, and strain gage data.

C. Aerodynamic Loads Data

Six revolutions of pressure data (in the form of C_., the pressure coeffi-
cient), plus the average, are presented as harmonic coefgicients (10 harmonics per
revolution). Harmonic coefficients of the average C_ data were obtained by per-
forming a harmonic analysis over the entire six-revolution time history, and then
eliminating sub-harmonics.

The C, and C data, derived from the C_ data, are also presented as 10
harmonic coefficients. Six revolutions of data, plus the average, are presented for
each radial station, beginning with 75% radius. The data from all of the pressure
taps were referenced to zero degrees azimuth before computing the harmonic
coefficients.

Time histories of Cp, C,» and C data are reconstructed using the following
formula;

10
X =48 + }E: [An ¥ cos(n*y) + B, * sin(n*y)] (6)
n=1

D. Structural Loads Data
The strain gage data are also presented as harmonic analysis coefficients.
Although the 'strain gages were located on different blades, the harmonic coeffi-

cients were computed after referencing each gage to zero degrees azimuth. As a
result, the formula used to reconstruct time histories from the harmonic

10




coefficients is identical to equation (6) used above to reconstruct the aerodynamic
loads data.

.E. Data Reliability

As mentioned in Section 3.A.2, only data from functional transducers and gages
are presented. Otherwise, the reduced data are presented without prejudice or
alteration. However, as a result of the extensive correlation study discussed in
reference 2, qualifications regarding the accuracy and reliability of the data are
known and provided below. This section identifies suspect data discovered during
the correlation program:

The static values of all strain gage data in the rotating system are
suspect; calibration of the gages did not take into account the centrifugal
force, and its effects on the measurements is unknown.

Measurements of the flap and lag angles are suspect, particularly at high-
thrust or high-velocity conditions.

Measurements of the pitch link loads are suspect, failing to exhibit the typi-
cal 1/rev oscillatory behavior.

Time histories of the moment coefficient are suspect, perhaps resulting
from an insufficient density of chordwise pressure transducers.

Flapwise bending moment data at 12% R are suspect for flight points 2, 8
and 14,

6. COMPREHENSIVE ANALYTICAL MODEL OF ROTORCRAFT AERODYNAMICS AND DYNAMICS:
ANALYSIS REQUIREMENTS

A. Description of Code

This section describes the comprehensive analytical model of rotorcraft aerody-
namics and dynamics (CAMRAD). CAMRAD predicts performance and loads of various
helicopter configurations. References 3 through 7 document the CAMRAD program and
its capabilities. Predictions from this rotorcraft analysis were correlated with
selected SA349/2 flight test data (ref. 2).

CAMRAD calculates the performance, loads, noise, vibration, gust response,
flight dynamies, handling qualities and system aeroelastic stability of general
twe-rctor aircraft. The code can analyze articulated, hingeless; gimballed, and

teetering rotors. CAMRAD combines structural, inertial and aerodynamic models in
its analysis. The trim operating conditions incorporate level flight, steady climb

"



or descent, and steady turn. Figure 24 gives a general outline of CAMRAD's tasks
and solutions.

Engineering beam theory provides CAMRAD's structural dynamics model. Calcula-
tions performed by this model incorporate a straight, undeformed elastic axis and
single load path. The rotor degrees of freedom include blade flap/lag bending,
rigid pitch and elastic torsion. The aircraft degrees of freedom include the six
rigid body motions, and elastic airframe motion.

The aerodynamics model is based on two-dimensional, steady airfoil character-
isties. However, corrections exist in the code for three-dimensional and unsteady
effects. An empirical dynamic stall model provides corrections for high-thrust or
high-speed cases.

Three levels of aerodynamic analysis exist in CAMRAD: uniform inflow (linear
variation of inflow over the rotor disk), nonuniform inflow with a prescribed wake
geometry, and nonuniform inflow with a free wake geometry. The rotor wake is repre-
sented by discrete elements. The wake analysis includes a tip vortex rollup
model. Quasisteady aerodynamics are assumed throughout the analysis.

B. Solution Procedure

The solution procedure is divided into two parts. One, a harmonic analysis
method, solves for the periodic aircraft motion. This motion, including rotor
motion and airframe vibration, depends on the rotor rotational speed. The second
part calculates the steady-state and slowly varying airframe motion.

Calculating aircraft trim is CAMRAD's first computational task. As Fig-
ure 25(a) shows, the trim solution involves three levels of sophistication. These
levels depend on the assumed rotor wake inflow model and wake geometry. The least
sophisticated is a uniform inflow model. A nonuniform inflow model with a pre-
scribed wake geometry follows. The third level of trim analysis assumes a non-
uniform inflow model with a freely varying wake geometry. Within each level of
inflow model, CAMRAD calculates a trimmed solution (fig. 25(b)). First, the control
position and aircraft orientation are calculated based on specified operating condi-
tions. Then CAMRAD determines the periodic blade motion, assumed identical for all
blades, followed by rotor performance and loads.

All other calculations follow the trim task. These include calculating flight
dynamics, transient loads, noise and flutter, and are performed only if specified by
the CAMRAD user.

C. Input Requirements

Appendix 2 presents the blockdata input files developed for the SA349/2. These
files document all aspects of the aircraft required for analysis using CAMRAD

12




including aircraft geometry, aircraft and rotor structural properties, rotating
blade modes, aircraft and airfoil aerodynamic characteristics, etc. These files are
presented in the format required by CAMRAD and are the actual files used in the
correlation program mentioned above. Definitions of all variables listed in the
blockdata files can be found in reference 6.

Appendix 3 lists two sample command files for running a job. One case is for
flight condition 2, a low-speed, low-thrust condition. The other case is for flight
condition 8, a high-speed, low-thrust condition. These command files specify six
blade bending and two blade torsion modes, and nonuniform inflow wake models.

7. REFERENCES

1. Scheiman, J.: A Tabulation of Helicopter Rotor-Blade Differential Pressures,
Stresses and Motions as Measured in Flight. NASA TM-X952, 1965.

2. Yamauchi, G. K.; Heffernan, R. M.; and Gaubert, M.: Correlation of SA349/2
Helicopter Flight Test Data with a Comprehensive Rotorcraft Model. Twelfth
Annual European Rotorcraft Forum, Garmisch-Partenkirchen, Germany, Sept.

1986.

3. Johnson, W.: Development of a Comprehensive Analysis for Rotorcraft - I. Rotor
Model and Wake Analysis, Vertica, vol. 5, no. 2, 1981, pp 99-129.

4. Johnson, W.: Development of a Comprehensive Analysis for Rotorcraft - II.
Aircraft Model, Solution Procedure and Applications, Vertieca, vol. 5, no. 2,
1981, pp 185-216.

5. Johnson, W.: A Comprehensive Analytical Model of Rotorcraft Aerodynamies and
Dynamics, Part I: Analysis Development. NASA TM-81182, 1980.

6. Johnson, W.: A Comprehensive Analytical Model of Rotorcraft Aerodynamics and
Dynamics, Part II: User's Manual. NASA TM-81183, 1980.

7. Johnson, W.: A Comprehensive Analytical Model of Rotorcraft Aerodynamics and
Dynamics, Part III: Program Manual. NASA TM-81184, 1980.



APPENDIX 1: FLIGHT TEST DATA

Flight-test data for each of the 16 flight conditions are listed as follows;
1. Flight-Test Parameters
2. Aerodynamic Loads Data
a. C_ data, 51 locations (radial and chordwise)
b. C, data, 3 locations (radial)
c. C, data, 3 locations (radial)
3. Structural Loads Data
a. Blade Loads

b. Airframe Loads.

The pressure coefficient data are listed in the order specified in table 9.
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